Insertion sequences (ISs) are mobile elements that are commonly found in bacterial genomes. Here, the structural and functional diversity of these mobile elements in the genome of the cyanobacterium Crocosphaera watsonii WH8501 is analyzed. The number, distribution, and diversity of nucleotide and amino acid stretches with similarity to the transposase gene of this IS family suggested that this genome harbors many functional as well as truncated IS fragments. The selection pressure acting on full-length transposase open reading frames of these ISs suggested (i) the occurrence of positive selection and (ii) the presence of one or more positively selected codons. These results were obtained using three data sets of transposase genes from the same IS family that were collected based on the level of amino acid similarity, the presence of an inverted repeat, and the number of sequences in the data sets. Neither recombination nor ribosomal frameshifting, which may interfere with the selection analyses, appeared to be important forces in the transposase gene family. Some positively selected codons were located in a conserved domain, suggesting that these residues are functionally important. The finding that this type of selection acts on IS-carried genes is intriguing, because although ISs have been associated with the adaptation of the bacterial host to new environments, this has typically been attributed to transposition or transformation, thus involving different genomic locations. Intragenic adaptation of IS-carried genes identified here may constitute a novel mechanism associated with bacterial diversification and adaptation.
Insertion sequences (ISs) are common mobile DNA elements of bacterial genomes that do not require extensive DNA homology for transposition. They are believed to undergo horizontal transfer more frequently than other genes, possibly as a consequence of their transfer between the bacterial genome and plasmids (13, 14, 39) . The original view was that ISs exhibit a parasitic lifestyle, because they replicate at the expense of the host without delivering any obvious benefit. If so, the host needs to keep the number of IS copies in check. However, both transposition and horizontal transfer of ISs may lead to the acquisition and mobilization of host genes in addition to those of the IS. Moreover, changes in the expression levels of host genes may occur if ISs integrate in regulatory regions. The combination of their capacity to invade many different regions of a bacterial genome and their impact on host genes suggests that IS elements may occasionally also increase host fitness. As a consequence, ISs may be important for bacterial adaptation and niche differentiation (4, 15, 17, 21, 24, 28) , among other ways through their potential for orchestrating regulatory circuits (42) .
The intragenomic diversity of IS-carried genes such as transposase genes differs substantially from that of other duplicated gene classes in bacterial genomes in that it is typically much lower. Because this difference is evident both for synonymous and for nonsynonymous mutations, it is unlikely to be a consequence of high levels of constraint (47) . Genes carried by ISs frequently also comprise a high number of identical intrachromosomal copies, which is readily observable in similarity searches if transposase genes are used as queries. The most logical explanation of these features is high rates of intragenomic transposition and duplication and frequent horizontal transfer (13) coupled with frequent extinctions and invasions of bacterial genomes by ISs (47) .
One opportunity to get a better understanding of IS evolution is through examination of the selection pressures that act on IS-encoded proteins. These analyses are still in their infancy, because the majority of the work on ISs derives from the pregenomics era, which did not allow the identification of all ISs in a genome. In addition, bacterial genomes typically span large evolutionary distances, which simply do not allow accurate assessments of the IS dynamics (47) . Another cause for the lack of knowledge of the evolution of ISs is that a considerable number of suitably divergent ISs is required for analyses of selection of protein-encoding genes (1) . Only a few bacterial genomes contain divergent IS families of sufficient size. The pattern that emerges from a limited number of studies is that different forces may affect different IS families (15, 39) . IS copies may experience purifying selection (inefficient and ongoing selection against deleterious substitutions), while other IS families are under positive or adaptive selection (15) . Because of rapid protein evolution, the latter outcome is typically interpreted to result from adaptation to a new host or to new environmental challenges experienced by the host. To gain insight into the role of natural selection in the maintenance and evolution of IS elements, we investigated the selection pressure on a large and slightly divergent IS family in the genome of the cyanobacterium Crocosphaera watsonii WH8501. This strain is a member of a novel genus of marine unicellular diazotrophic cyanobacteria with a diameter of 2.5 to 6 m that occurs in ocean waters warmer than 24°C. Because of its rapid doubling time, it is believed to contribute significantly to oceanic carbon and nitrogen budgets in the tropical oceans.
MATERIALS AND METHODS
Collection of the transposase gene data sets. Because the C. watsonii genome has not yet been closed, we concatenated all contigs according to the contig number. Subsequently, we identified a large group of similar nucleotide stretches of ϳ1.3 kb, which lacked internal stop codons and which are annotated as IS66 transposases. We first identified the possible functional category of these open reading frames (ORFs) using several types of similarity searches and determined the ORF length distribution throughout the genome, the similarity between the stretches, and their frequency in contigs. We used sequences with the GenBank accession numbers ZP_00515223.1 (Cwatdraft_4681) and ZP_00515197 (Cwatdraft_5058) as queries for BLASTX and for PRODOM and PSI-BLAST searches, respectively. Throughout this study, we have numbered sites starting at amino acid position 1 of the query sequences. The sequences identified through BLASTX searches that comprised ORFs of ϳ1.3 kb were collected (data set I).
Because transposase genes are part of mobile elements such as ISs and transposons, we identified inverted repeat (IR) sequences in the vicinity of the ORFs using the EMBOSS package (36) . By collecting sequences with a conserved IR in the vicinity of the ORFs (while allowing variable numbers of mismatches to the left copy of the IR [IRL]), we identified a large set of sequences that were similar at the nucleotide level. This data set is referred to as data set IA. We subsequently studied the length of the genome stretches between IRs, the identity of genes flanking the ISs, the nature of the mutations (deletions, insertions, and in-frame stop codons), and the relationship between divergence and the genomic position of these ORFs.
Especially when dealing with closely related sequences, the power to detect positive selection strongly depends on the size of the data set (1) . To increase the number of sequences in data sets I and IA, we sequenced the ORFs of a living culture of C. watsonii WH8501. To this end, we extracted total DNA (cf. reference 15) and amplified part of the transposase genes (see Results) using primers 5Ј AAAACAGTTCAGTCCCCC 3Ј and 5Ј AGCCAACATCAACACACA GACC 3Ј using the QIAGEN HotStarTaq DNA polymerase. This polymerase has no proofreading, but its error rate is sufficiently low for sequencing short portions of genes. Subsequently, we cloned the PCR product into TOPO vectors (Promega Inc.). After picking and boiling clones in 10 l of water, we used 1 l to amplify the transposase gene fragment with T7 and T3. The DNA Clean and Concentrator-5 kit (Baseclear; ZY-D4004) was used to purify PCR products. The PCR insert was then sequenced from both directions using ABI sequence kits that use the Big Dye technology. Subsequent sequencing reactions were performed using the ABI PRISM Big Dye terminator v3.1 (Applied Biosystems) using 1 l Big Dye. Prior to sequence determinations on a four-capillary ABI3100 automated sequencer using the POP7 polymer, sequence products were purified using Sephadex plates (Sephadex G-50 superfine; Amersham) and multiscreen HV (Millipore; MAHVN4510). After elimination of sequences with frameshifts and internal stop codons, the sequences of data set I were added to the new sequence variants (data set II).
Sequence and structural characteristics of multigene transposase ORFs and the IS family. The sequences of each of the data sets were aligned using ClustalX (46) . For identification of protein coding frames and collection of summary statistics, the program DNASP version 4.0 (37) was used. Using this program, we also determined the diversity of the transposase ORF data sets using standard summary statistics such as the number of segregating sites (S), the pairwise number of differences (K), and the number of haplotypes (H). One important tool for illustration of the data, phylogenetic analysis, was performed using PAUP* (45) . Optimal nucleotide substitution models for the transposase data sets were identified using Modeltest version 3.06 (34) . Tree construction used the likelihood criterion. For reconstruction of the substitutions onto the tree of the transposase genes, the program BASEML of the PAML package (48) was used.
Analyses of selection pressures on transposase genes. In contrast to data sets I and II, data set IA has only sequences with IRs. If IRs are required for transposition, this data set might comprise a set of functionally divergent ORF variants relative to the ORFs of data sets I and II, which may lack IRs. Because analysis of functional diversification in these data sets might also differ, selection analyses were carried out for all three data sets.
The selection pressure on protein-encoding genes can be measured by comparing nonsynonymous (dN) and synonymous (dS) substitution rates. Under neutrality (nonsynonymous changes have no associated advantage or disadvantage), the expected ratio of dN/dS (or ) is 1 and significant deviation from this value can be used to identify genes that are either under purifying selection (dN Ͻ dS, nonsynonymous changes are deleterious) or under positive selection (dN Ͼ dS, nonsynonymous changes are favored because of a fitness advantage). Due to new methods to detect positive selection, the reports of positive selection are increasing rapidly (also in bacteria, e.g., references 3, 16, and 43). By focusing on genes that change rapidly at the amino acid level, which is typically taken to reflect adaptation at the molecular level, these comparative analyses expand the scope for studies of gene functionality relative to the highly constrained genes typically targeted by functional genomics. We calculated the dN/dS ratio using models in the program package PAML version 3.14 (48) . We deleted all sequences with gaps and premature and internal stop codons from data sets IA and II (data set I did not contain these types of mutations). Subsequently, we used neutral (M1 and M7) and selection (M2 and M8) models of codon evolution to establish whether positive selection was at hand and, if so, to identify the codons that are under positive selection (29, 48) . Models M1 and M7 assume a different distribution of values smaller than 1. These models differ from the selection models M2 and M8 in the presence of a class of codons with constrained to be larger than 1 ( 2 ), thereby distinguishing positive selection from purifying evolution ( Ͻ 1), neutral evolution ( ϭ 1), and positive selection. The fit of the model pairs M1-M2 and M7-M8 can be compared using a 2 distribution with 2 degrees of freedom. In these model pairs, 9.21 units of difference is required for a significantly better fit of the selection model relative to the neutral model at the 1% level (M1 versus M2 and M7 versus M8). If the fit of the selection models is significantly better than the corresponding neutral models, the selection models can also be used to identify which codons are under positive selection (49) .
Because we know nothing about the selection pressures acting on codons of transposase genes, nor of the distribution of in these genes, we used an additional method to examine the occurrence of positively selected codons. We also analyzed the three data sets using a conservative method for detection of positively selected codons that is based on the parsimony method of Suzuki and Gojobori (44) and which is implemented as the single likelihood ancestor counting method (31) . The parsimony method uses a binomial distribution of parsimoniously inferred synonymous and nonsynonymous substitutions to assess the significance of their numbers. For the reconstruction, only a single tree is used. For the selection analyses, a tree was constructed based on the nucleotide substitution models as inferred from Modeltest (34), followed by likelihood searches. As noted above, we applied these two tests because of the fully unknown dynamics and the forces acting on the bacterial transposase genes of ISs. We assume that the use of multiple tests, which are based on different assumptions, allows a more robust identification of sites under positive selection than does any method used singly.
Ribosomal frameshifting in transposase genes. In ISs, whose most important component is transposases, ribosomal frameshifting is common (9) . This phenomenon, which occurs during translational elongation and entails the shift of a reading frame by mostly a single nucleotide by a ribosome, results in drastically different, mostly shorter, protein sequences. Slippery nucleotide stretches, which typically comprise mononucleotide stretches, may cause high rates of ribosomal frameshifting. For example, approximately 50% of the ribosomes shift frames when encountering the heptamer A AAA AAG in the dnaX gene of Escherichia coli (12) . Most other IS-carried genes, however, have a much lower frameshifting efficiency. Because ribosomal frameshifts may dramatically affect the amino acid sequence of a protein and because they are common in bacterial ISs, this mechanism may also affect analysis of codon evolution, in which typically a single reading frame is assumed. As a consequence, it is imperative to identify overlapping ORFs in different frames, to identify sequence stretches which are liable to ribosomal frameshifting during translation, and to assess the presence of secondary structures such as pseudoknots and hairpins that promote frameshifting (27) . In the transposase gene family, the localization of these stretches and that of positively selected sites were compared.
Intragenic recombination and gene conversion in the transposase gene family. Because signatures of positive selection and recombination may be confused (1, 2), we assessed the importance of recombination and attempted to identify the stretches involved in recombination. Two methods were used to evaluate the evidence for recombination in the transposase gene family. First, evidence for gene conversion was assessed using Geneconv version 1.81 (40) , which detects whether pairs of sequences share unusually long stretches of similarity (in Geneconv called fragments) given their overall similarity. In this program, two methods are used to assess the significance of putative stretches of gene conversion, a BLAST-like scoring method and a permutation test. Second, we used the program Recombination Detection Program version 2 (RDP2), which in contrast VOL. 188, 2006 POSITIVE SELECTION IN TRANSPOSASE GENES 7177
on July 12, 2017 by guest http://jb.asm.org/ to the sequence similarity criterion which underlies Geneconv employs a criterion for detection of recombination based on phylogenetic incongruence. Specifically, it searches every possible combination of groups of three sequences in the alignment for evidence of recombination based on the similarity between pairs of sequences. Shifts in the affiliation of two sequences relative to a reference sequence are then taken as an indication of recombination. Stretches of nucleotide that may be involved in recombination may be identified using sliding window analyses (25) . Nucleotide sequence accession numbers. Forty-three partial transposase gene sequences were deposited in GenBank under accession numbers DQ518778 to DQ518820. Of these, 21 were novel gene variants compared to the genomic sequence in the C. watsonii genome. 
RESULTS
Affiliations of the duplicated ORFs. We used BLASTX, PSI-BLAST, and protein domain searches to identify the functional category of the similar genome stretches in the C. watsonii genome. Disregarding self-hits, BLASTX searches suggested links to transposase genes of IS66 of Anabaena variabilis ATCC 29413 and Deinococcus geothermalis DSM 11300 (see file 1 in the supplemental material). Further, among the best hits in PRODOM searches were additional links to the IS66 family. The Position-Specific Iterative (PSI)-BLAST searches, designed to detect weak but biologically relevant sequence similarities, indicated the highest levels of similarity to hypothetical proteins of E. coli. However, this search also found many hits to transposase-like genes from a variety of bacteria (E-values e Ϫ105 or higher; not shown). Overall, these findings suggest that the gene family studied here comprises transposase gene copies. It should be noted, however, that all of these relationships are only distant (see file 1 in the supplemental material).
Characteristics of the three transposase data sets. (i) Data set I. For BLASTX searches of the "nr" database, we used cutoff E-values (3e-07) and scores (50.4 bits) to include short and similar amino acid stretches. Seventy-two amino acid stretches with similarity to the query in the C. watsonii genome were identified. The large number of structural variants indicates that truncation, which occurred at both gene ends, is a major process in the structural diversification of this transposase gene family (Fig. 1, top panel) . These genome stretches were strikingly similar as judged from the contrast of the score, which is sensitive to the length of the region of similarity, and the amino acid identity, which is insensitive to hit length. Although most hits were found in the contigs 358 through 362, these contigs are also much longer than the other contigs (totaling 2.20 Mb), and overall the hits were distributed across contigs (Fig. 1, middle panel) . The 28 hits that corresponded to long ORFs of ϳ1.3 kb are also distributed across contigs (Fig.  1, middle panel) . The nucleotide and the protein alignments are available as files 1 and 2, respectively, in the supplemental material.
(ii) Data set IA. A class of highly conserved IRs of 24 bases was found in the vicinity of many of the transposase genes. The sequence of IRL was 5Ј GTAACTGCTCACCGCAACAA AAAA 3Ј, mostly with three mismatches to the IRR (5Ј TTT TTTGTTGCGGTGAGCAGTTAC 3Ј). Genome sequences between IRL and IRR that varied between 200 and 3,000 bases and that had variable numbers of mismatches to the consensus IRL sequence were retrieved. Using three and four and using five and six mismatches gave 25 and 26 hits, respectively. Most of these matches ranged between 1,821 and 1,825 bases, and also these were distributed across the C. watsonii genome (Fig.   1, bottom panel) . Alignment of the sequences between IRL and IRR identified two copies with length mutations, one copy with a 1-bp frame-disrupting insertion and one copy with an internal stop codon, leaving 21 full-length ORF sequences with an IR (data set IA). Examination of the nucleotide stretches next to the IRL and IRR indicated that the insertion sites of these ISs were not conserved (not shown).
(iii) Data set II. By using a portion of the IS66 gene (nucleotide positions 41 through 657 of data set I), 21 additional sequence variants of the IS66 transposase gene were collected. These were added to data set I (resulting in 49 transposase gene variants; data set II). The positions of the variable nucleotide positions in the C. watsonii genome correspond to the mutations seen in the additional sequences. This, in combination with the low error rate of the DNA polymerase, suggests that the mutations seen in the additional sequence are genuine.
Analyses of selection pressure on the transposase family. As noted before, if the IR is required for the functioning of the IS or the transposase gene, the results of selection analyses of data sets I and II may differ from those of data set IA. Therefore, we conducted selection analyses using the PAML package using all data sets. All data sets comprised contiguous ORFs, without insertions or deletions of codons. The data sets had very similar levels of diversity (Table 1) . Phylogenetic trees reconstructed from closely related sequence data sets lacked strongly supported internodes in that bootstrap support was always lower than 90% (tree shown only for data set I; Fig. 2) .
Analyses of the selection pressures of the three data sets of transposase gene variants in the IS provided strong evidence for positive selection based on the comparison of neutral and selection models and Bayesian site identification in PAML ( Table 2 ). All PAML analyses indicated significantly better fits for the selection models M2 and M8 than for the neutral models M1 and M7, respectively (Table 2) . Furthermore, the codons under positive selection were largely identical across model comparisons M2 and M8, albeit that overlapping subsets of positively selected codons were identified in the different data sets. In data set I, evidence for positive selection is found for four codons under M2 (24, 62, 128, and 184) and the same four sites under M8. Although data sets IA and II gave overlapping sets of positively selected sites, all three data sets agreed on two positively selected sites (codons 24 and 128). Each of these codons had strong evidence for positive selection according to the Bayes empirical Bayes estimates ( 2 estimates in Table 2 ). Interestingly, codon 128 (and also codon 184, which was indicated as positively selected in a substantial number of analyses) is located in a conserved domain typical of transposase genes ( Fig. 3; the transposase_25 domain) . Because the conserved domain database contains "building blocks" that are believed to modulate protein function, the presence of positively selected codons in these domains suggests that (mutations at) these codons are functionally important. The conserved domain transposase_25 is found predominantly in proteobacteria (e.g., the entries in Fig. 3 are from Agrobacterium tumefaciens, Rhizobium sp. strain NGR234, E. coli L0015, Pseudomonas putida TF4-IL, and Rhodobacter capsulatus).
The conservative parsimony method of Suzuki and Gojobori (44) found one codon under positive selection (codon 24 in data set II; P ϭ 0.04), and this codon was also found to be under positive selection by the maximum likelihood method. No positively selected sites were found in data sets I and IA using this method (not shown). This is not surprising, because the parsimony method is generally considered to be conservative and unlikely to detect sites under positive selection in (Table 1 ) (32) . In fact, the finding of a positively selected codon using the parsimony method of Suzuki and Gojobori in this closely related IS data set suggests that the results of the PAML analyses (Table 2) are not methodological artifacts. The 27 haplotypes in data set I are due disproportionately to the four positively selected codons, which give rise to 13 haplotypes. The other 14 haplotypes are due to the remaining 31 variable codons. Recombination in the transposase genes of C. watsonii. Because recombination can cause signatures reminiscent of those of selection (1, 2), we assessed the importance of recombination in the transposase data sets of C. watsonii. Geneconv detected no significant pairwise fragments, nor significant inner or outer global fragments (not shown). Recombination leads to conflicting phylogenetic relationships among gene stretches. However, there was no evidence of incongruent phylogenetic relationships among groups of three sequences in the transposase data set, and gene regions indicative of recombination also were missing according to this criterion (not shown). These results suggest that there is little evidence for a role of recombination or gene conversion in the IS66 gene family.
Ribosomal frameshifting. There are two reasons for examining ribosomal frameshifting in the transposase ORFs. The first is due to the potential impact of frameshifting on selection analyses of protein-encoding genes. Ribosomal frameshifts im- a The likelihood indicates the fit of the data to the different models. b Tree length is measured as the number of mutations per codon. c Kappa is the transversion/transition ratio. Pi denotes the proportion of sites falling in site class i. d Parameters p and q are the shape parameters of the beta distribution which underlies M7 and M8. e The reference sequence for the amino acid designation is ZP_00519072. f The probability that codons were under positive selection was determined using Bayes empirical Bayes (BEB), with the and its standard error indicated per codon.
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on July 12, 2017 by guest http://jb.asm.org/ pact the analyses of selection pressures, because a recoding of synonymous and nonsynonymous mutations is required. The alternative transposase reading frames in the C. watsonii genome are devoid of internal stop codons (34 in Ϫ1 frame, 32 in ϩ1 frame), and as a consequence, there is little room for generating large proteins using overlapping reading frames. Second, the location of positively selected sites may be associated with slippery sequence stretches or with stabilizing secondary structures such as hairpin-loop stems that are common in ISs. Although frameshifting mechanisms identified in ISs are notoriously heterogeneous, we therefore attempted to identify the slippery sequence stretches and secondary structures in the transposase ORFs. The number of slippery sequences in the transposase ORFs is extremely high as judged from the distribution of these stretches in random sequences of the same length as the full-length ORF (27) . Typically, none or a single slippery stretch is present in random sequences (not shown), whereas six were found in the ORF variants studied (Fig. 4) . Consistent with the literature on retroviruses, animal and plant viruses, retrotransposons, bacterial genes, bacteriophage genes, and bacterial insertion sequences the frameshifting stretches were all of the most common Ϫ1 type (7).
The secondary structure of hairpin-loop stems involves a hairpin whose single-stranded looping region pairs with upstream DNA stretches. This additional stem is separated from the first hairpin by a spacer region of variable length. Of these six slippery stretches, four had stabilizing hairpinloop stems (their putative location involves the underlined residues in Fig. 4 ). In the hairpin-loop stem structures of the C. watsonii transposase genes, the spacer regions range in length from 4 to 10 bases. The stem of the hairpins was 4 or 5 nucleotides long. In the C. watsonii genome, the slippery heptamers are distributed along the IS66 genes and only one slippery sequence stretch and one hairpin stem-loop were associated with a positively selected codon ( Fig. 3 ; slippery stretch starting from nucleotide 183, codon 62; boxed in Fig.  4) . Thus, the overlap of the location of the positively selected and slippery stretches and secondary structural elements was only marginal. In addition, there are no obvious overlapping ORFs that could generate proteins of substantial length. Although this may be taken to suggest that ribosomal frameshifting is unlikely to affect the selection analyses, different parts of transposases may serve different functions (8) . For most ISs identified in bacterial genomes, Table 2 . The location of synonymous substitutions is marked by an asterisk, and the frequency of alternative nucleotides is indicated. The frequency of the least frequent amino acid is indicated, together with the number of changes on the gene tree in parentheses (Fig.  2) . Alternative amino acids at a single position are indicated by a slash. One overlapping slippery sequence and a positively selected codon were found (codon 62). (Table 2) . Also other methods (26, 33) consistently found several positively selected codons including codons 24 and 128 (not shown). These latter methods are not so prone to false positives as the PAML methods but are more powerful than the parsimony method (32) . Therefore, the selection analyses support the occurrence of positive selection on these transposase genes. Tests of recombination and gene conversion indicate that these processes do not likely affect the inference of positive selection in the IS66 family. This is because of the high 2 estimates in the IS66 data sets (Table 2 ) (1). In addition, if recombination is present, it most likely involves only low rates. Under these conditions, the PAML analyses are still trustworthy (1) . Apart from these direct tests, other attributes also deny a major role for recombination and gene conversion in the evolution of the IS66 family. First, the genes are spread over the C. watsonii genome and this conformation is less likely to undergo gene conversion relative to tandemly duplicated genes, at least in eukaryotes (7) . If gene conversion is mechanistically distinct in prokaryotes, which is possible (38) , then highly expressed genes such as ribosomal protein-encoding genes could use gene conversion to slow down the accumulation of deleterious mutations in their gene products (47) . However, expression levels of transposase genes are notoriously low (19) and an adaptive explanation for the occurrence of gene conversion in transposase genes is lacking. In sum, there are few grounds to invoke a role for recombination or gene conversion in the evolution of this IS66 transposase gene family.
IS function and host adaptation. The numbers of transposase ORFs and intact ISs in the C. watsonii genome suggest that it is one of the larger IS families with divergent gene variants. Does this imply that this genome is saturated with ISs or that mutational mechanisms may differ from those in smaller IS families? The finding that conserved target sequences of the IS66 family are lacking (see Results) and the fact that ISs are generally not very selective in their target sites (23) suggest that a saturation of integration sites is unlikely. Distinct target site specificities and transposition mechanisms have been invoked to explain the different selective forces acting on different IS families (15) . Our results support the finding that at least some IS families are under adaptive forms of natural selection (see above; 15). This type of selection requires an explanation either in terms of increased host fitness associated with IS activity or in terms of interactions among IS copies within the same genome. Typically, positive selection is invoked when ISs adapt to the host through the rapid evolution of new divergent alleles or gene variants. This may be mediated by the host proteins required for transposition, which were shown to differ among IS classes (5) . However, it should be stressed that if IS evolution is related to host fitness, one would not necessarily expect positively selected codons among closely related ISs from a single genome. This is because typically only a single mutant IS copy is involved in host adaptation (cf. reference 41). As such, an increase of copy number of the beneficial IS variant and an increase of divergence among IS copies subsequent to transposition also do not require positive selection per se. An alternative explanation is that the rate of transposition is controlled, for example, by adjustment of the number of different transposase gene variants that differ in transposition activities. Although this is not a sufficient explanation for the diversity of IS families either (see below), it agrees, however, with the observation that single amino acid substitutions can increase transposition activities of a number of ISs (5, 6, 35) , with the possibility that mRNA structure may influence expression of transposase genes (18, 24) and with the observation that adapting codons may be located in conserved, and thus functionally important, domains of the transposase genes (Fig. 3) . In addition, truncated portions of transposases may serve different functions (e.g., reference 8). Each of these processes may underlie the positive selection detected here.
Although knowledge of the interplay of these regulatory mechanisms and of the age of different IS families is lacking, these features probably differ substantially among IS families. It is important, however, to realize that these aspects of IS evolution are probably not sufficient to explain the diversity patterns of IS families as found in bacterial chromosomes. If transposase gene families have been large for prolonged periods of time, higher levels of divergence than typically observed for IS genes are expected, even if down-regulation of transposition activity occurs (47) . Instead, frequent extinctions and invasions of bacterial genomes are an essential component to explain the low levels of intragenomic diversity of ISs in bacterial genomes (47) .
In spite of their generally rapid turnover and low levels of diversity, some IS-carried gene families diversify and adapt at the codon level. Examination of transposase gene families will allow us to explore the functional divergence of prokaryotic genes associated with gene duplications. Because duplicated gene classes other than transposases and integrases are generally rare in bacterial genomes (10, 22, 30) , their use as targets for studies of functional gene differentiation may complement similar studies in eukaryotes (11) . Because of their distinctiveness in terms of diversity and dynamics, transposase genes are frequently treated as a distinct gene class and are commonly excluded from whole-genome analyses (e.g., reference 10). Nevertheless, their role in bacterial adaptation and ecological specialization (20) and the development of new theories that stress the adaptive potential of duplicated genes (11) suggest that these gene families are suitable targets for comparative and functional genomics.
